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Hierarchical bioglass scaffolds: introducing the 
“milky way” for templated bioceramics. 
Diego Onna
a
, Yanina Minaberry
a
 and Matías Jobbágy
*,a
. 
Free standing hierarchical bioglass scaffolds were prepared by ISISA (ice-segregation-induced 
self-assembly) method. Commercial low-cost precursors as Ludox HS-40 and cow milk were 
employed as the source of SiO2 and biominerals (Ca(II), P(V), Na(I) and K(I)), respectively. 
Then, in a single macroscopic piece, three levels of porosity coexist due to the simultaneous 
templating effect of ice (macropores), milk (50-200 nm mesopores) and the voids left between 
preformed Ludox nano building blocks (2-5 nm mesopores). These low cost and green 
biological nanotemplates, coupled with ISISA texturing method allows the preparation of free 
standing bioglass monoliths, with hierarchical porosity. The effect of the main preparative 
variables on the final texture is explored; in vitro biomineralization ability revealed a well-
distributed hydroxyapatite-like nanoparticulated layer within 24h-long exposure to simulated 
body fluid. 
 
  
Introduction 
The synthesis of biomaterials for bone-repair engineering 
triggered challenges for materials science community over the 
last decade. In the beginnings, bones were replaced by synthetic 
calcium phosphate phases. Later on, a vast family of non-
natural occurring synthetic phases based on silica, known as 
bioactive glasses or bioglasses, offered outstanding 
regenerating abilities.1-3 Typically, these formulations are based 
on Si(IV), P(V), Ca(II) and alkaline oxides, in order to optimize 
bioactivity, that is defined as the ability of the material to 
develop a bone-like hydroxyapatite (HA) layer on its surface.1 
These phases offered enhanced angiogenesis ability4, 5 as well 
as up-regulation of specific genes that control the osteoblast 
cell cycle,6, 7 among other relevant characteristics.8 Concerning 
their synthesis, sol gel based procedures allows the preparation 
of outstanding bioglasses, since silica polymerizes in intimate 
mixture with phosphate and calcium ions, preventing the 
massive undesired segregation of calcium phosphate.9-12  
Their composition was thoroughly explored and optimized in 
the past; during the last decade most efforts were focused on 
their consolidation in the form of sophisticated architectures,13 
in order to enhance their regeneration ability with the aid of 3D 
biodegradable and biocompatible scaffolds. In this sense, a 
robust and well interconnected macroporous 3D network is 
mandatory, since it allows cellular proliferation while ensures 
effective mass transport between the inner growing tissue and 
the surrounding physiological media.14-17 In addition to 
macroporosity, the presence of tuned mesoporosity is highly 
desired, since it expands the functionality of the final bioglasses 
allowing advanced drug carrier/release or enhanced blood 
coagulation properties.18-21 Many approaches were proposed to 
texture bioglasses in the macropore scale, including in situ 
foam generation,22, 23 sacrifice natural24 or synthetic25-27 
template filling, electrospinning,28 or robotic deposition (3D 
print).29, 30 More recently, the ISISA (ice-segregation-induced 
self-assembly) method was implemented for the preparation of 
bioglass monoliths with highly oriented macroporous texture.31 
The process involves the controlled ice formation within an 
aqueous gel, solution or suspension, driving the segregation of 
all solutes and colloids present towards the zones in which the 
ice is absent. Macroporosity is achieved after ice sublimation, 
when a hierarchical assembly either defined by walls, fibers or 
bicontinuous arrays of matter surrounding empty areas where 
the ice formerly resided. Concerning bioglass preparation, most 
of the aforementioned methods are based on the utilization of 
expensive sol-gel precursors for silica or even phosphate, in 
combination with molecular templates. However, the inherent 
versatility of ISISA allows the incorporation of already 
consolidated precursors, in the form of nanoentities (particles, 
liposomes, polymers, etc.)32 resulting in diverse macroporous 
monolithic structures, ranging from strictly ceramic phases, to 
living-cell loaded polymeric composites.33-37 Keeping in mind 
this lack of chemical constrains, we envisaged an alternative 
low cost bioglass scaffold preparation, based on the 
structuration of preformed silica nanoparticles (Ludox HS40) 
and commercial cow milk. While the former acts as dispersible 
source of SiO2, the role of the latter is two-fold. First, it brings 
to the formulation a natural source of Ca(II) and P(V) among 
other biominerals as K(I) and Na(I). Second, the constituent 
liposomes and proteins act as sacrifice templating agents in the 
submicrometric scale, once the scaffolds are annealed and 
consolidated under air atmosphere. 
The aim of the present work is to demonstrate that commercial 
low-cost precursors combined with green biological 
nanotemplates allow the preparation of hierarchical bioglasses 
with tunable porosity. The effect of ISISA main preparative 
variables on the bioglass texture as well as the subsequent 
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thermal treatment are explored. The influence on the in vitro 
biomineralization ability of the precursor´s composition is also 
discussed.34, 35 
 
Experimental Section 
Materials. Bioglass precursor sols were obtained by mixing 56 mL 
of commercial milk (Ca(II) 30 mM, P(V) 30 mM, K(I) 44 mM, 
Na(I) 21 mM), 12.5-35 mL of Ludox HS-40 (aqueous suspension 
of 12 nm SiO2 nanoparticles, 40% weight volume) and an extra 
amount of water to obtain a final volume of 100 mL. Samples were 
labeled ML05 to ML14 according to the final weight percentage of 
silica (5-14%) in the parent sol. ISISA protocol: suspensions were 
loaded into the insulin syringes molds (length 80 mm, diameter 4 
mm), then were unidirectionally frozen by dipping the molds at 
defined rates into a –196 °C (liquid nitrogen) cold bath. The 
unidirectional frozen samples were freeze-dried using an Alpha 1-2 
LD Plus freeze-drier. The green monoliths were finally annealed at 
873-1273 K (air atmosphere, 10 K min–1) and held at the final 
temperature for 5 h.38 Pore dimension and wall thickness of 
monoliths were determined from FESEM micrographs of cross 
sections to the direction of freezing. For each construct, at least 20 
measurements of the pore width and wall thickness were made on 
each micrograph, to provide a representative mean value and 
standard deviation. 
In vitro bioactivity test. The assessment of the in vitro bioactivity of 
the annealed scaffolds was carried out in a simulated body fluid 
(SBF) solution composed by NaCl, KCl, K2HPO4.3H2O, 
MgCl2.6H2O, CaCl2, and Na2SO4 into distilled water and buffering 
at pH 7.3 with tris (hydroxymethyl) amminomethane H2N-
C(CH2OH)3 and HCl, according to well established formulations.
39 
Each specimen (0.1 g) was immersed in 100 mL of SBF contained in 
polyethylene vials at 37ºC under sterile conditions for increasing 
periods of time (0-7 days). Once removed from the incubation 
solution, the samples were rinsed gently firstly in ethanol and then 
using deionized water, and left to dry at ambient temperature in a 
desiccator for further characterization. The sample’s evolution was 
analyzed by scanning electron microscopy (SEM Zeiss Supra-40) 
coupled with EDS probe, Fourier transform infrared (FTIR, 
NICOLET 8700 20 SXC) and PXRD (Siemens D5000, Ni-filtered 
Cu Kα radiation). The thermal analysis was performed using a TG50 
Shimadzu balance with a heating rate of 10 K min–1 under air 
atmosphere (50 mL min–1). 
 
Results and discussion 
It is know that the versatility offered by ISISA process lies in 
the possibility of tuning the monolith’s macroporous texture 
with several physiochemical parameters.40 Among them, the 
most relevant are: solvent/s composition, solute/s nature (size, 
morphology, charge) and concentration, freezing rate and 
temperature gradient.12 In the present study, the preparation of 
bioglass monolithic scaffolds was restricted to the use of water 
as the only solvent and the thermal gradient was established 
between ambient (298 K) and liquid N2 (77 K); samples were 
typically immersed at 2 mm min-1. Concerning to the overall 
sample composition, several Ludox to milk ratios were chosen 
to study the textural modification, exclusively. Sample ML10 in 
particular was extensively studied in terms of texture, thermal 
stability and biomineralization behavior. That particular 
formulation resulted in a 98:1:1 Si(IV):P(V):Ca(II) overall 
molar composition; certain alternative milk to silica ratios were 
also explored, as well as freezing rates. The resulting monoliths 
kept both the shape and the size of the employed container, in 
which the starting Ludox-milk sol was confined prior to 
ISISA. Since the ice–front progress reached a constant speed 
(e.g., nominal) at the upper half of the monolith, all the 
experiments were conducted on that portion, exclusively.41  
Typically, sol-gel based bioglass precursors are dried and then 
submitted to an oxidative annealing step at 773 K, after which 
both the remnant salts, acids, eventual organic residues and/or 
molecular templates are decomposed. In the present case, TGA 
analysis revealed the massive departure of organic components 
after annealing at 723 K, irrespective of the Ludox to milk 
ratio (see figure S1). Figure 1 depicts FESEM images of 
samples after annealing in air at 873 K presented a 
homogeneous macropororosity in the range of tens of 
micrometers, commonly observed in these systems.42 
 
Fig. 1. FESEM images of cross-sectioned ML10 sample 
(perpendicular to the freezing direction) monolithic scaffold 
prepared with a freezing rate of 2 mm min-1, annealed for 5 h at 
873 K. Inset (bottom left) depicts the texture resulting from the 
milk-free Ludox control prepared under identical procedure. 
 
The texture is built by parallel array of lamellae, periodically 
segmented by perpendicular secondary bridges. Their 
transversal section revealed a regular pore pattern; a small 
region a few microns close to the external surface of the mold is 
affected by the inherent freezing features of this method (not 
shown).11 Both macroporosity and wall´s thickness remained 
unaltered after thermal treatment, while submicrometric pores 
belonging to the former templating entities (milk lipid vesicles 
and soluble proteins) appeared within the walls after thermal 
treatment (see Figure S3). These templates were effectively 
dispersed in-between silica nanoparticles along ISISA; after 
mineralization of milk´s moieties, a new level of porosity in the 
50-200 nm range was achieved. In the absence of milk, more 
dense walls were obtained, only exhibiting the lowest level of 
porosity originated by the empty voids left in between Ludox 
nanoparticles. There was no evidence of segregation of 
micrometric Ca(II) phosphate crystalline phases, suggesting the 
high degree of dispersion of both Ca(II) and P(V) within the 
SiO2 scaffold. Then, in a single macroscopic piece, three levels 
of porosity coexist due to the simultaneous templating effect of 
ice (macropores), milk (50-200 nm mesopores) and the voids 
left between preformed Ludox nano building blocks (2-5 nm 
mesopores). 
In contrast with related sol-gel based silica systems,43 the lack 
of well-defined hexagonal pores, even for the lowest freezing 
rates explored could be ascribed to the precursors composition; 
milk´s soluble moieties (salts and macromolecules) can affect 
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the growth and the resulting morphology of ice crystals. 
However, the obtained texture is well preserved all along the 
sample´s volume, without the occurrence of radial 
heterogeneity or massive cracks.11 Scheme 1 summarizes the 
key steps involved in the scaffold´s structuration. 
 
Scheme 1. Upper left panel: aqueous suspension containing 
Ludox (black dots), milk´s solutes as liposomes (yellow 
spheres) and proteins (orange globules); vertical freezing front 
of dendritic ice (blue area) and lateral segregation milk´s 
solutes and Ludox away from ice walls (light blue area). 
Upper right panel: massive segregation of ice and solutes 
phases. Lower left panel: sublimation of ice leaving empty 
voids (white area). Lower right panel: hierarchical scaffold 
obtained after thermal decompositions of liposomes and 
proteins; partial sintering of Ludox. 
 
Concerning the effect of annealing over templated bioglasses, 
an extra step beyond milk´s mineralization can be expected. 
This step involve the solid state consolidation of the bioglass 
itself takes place through the diffusion of Ca(II), K(I) and P(V) 
ions towards SiO2 domains, as well as the sintering of Ludox
 
nanoparticles. However, if the hierarchical features obtained are 
aim to be preserved, massive sintering and the subsequent 
pore´s collapse must be avoided. Then, the annealing 
temperature was explored in the 873-1273 K range, in order to 
assess the range of texture´s stability.38, 44 Differential thermal 
analysis revealed that either samples constituted by bare 
Ludox nanoparticles or Ludox-milk mixtures (previously 
mineralized at 773 K under air atmosphere) consumed heat 
during sintering process, with a maximum centered at 1150 K, 
in agreement with the glass transition temperature observed for 
related systems (see figure S2).14 Then, a FESEM screening 
was performed over samples annealed within the 873-1273 K 
range, taking representative images of the resulting textures. In 
contrast with sol-gel based silica, the dense silica nanoparticles 
employed herein remain stable towards sintering after 
annealling at 973 K (see figure 2, S3).  
Once annealed at 1073 K, massive sintering process takes place 
and both interparticle and milk-templated intrawall mesopores 
collapse and disappear. The subsequent densification of 
formerly mesoporous walls results in a net scaffold´s 
contraction. However, the lack of material within the walls 
results in a micrometric porosity (globular windows) that 
replace the former mesopores; giving rise to a bimodal 
hierarchy. After further annealing up to 1273 K these windows 
collapse in great extent and only a strictly macroporous scaffold 
remains. The net process involves a densification of the 
scaffold as a whole. 
 
Fig. 2. FESEM images of sample ML10 prepared with a 
freezing rate of 2 mm min-1 annealed for 5 h at increasing 
temperatures under air atmosphere. 
 
Nitrogen sorption isotherms revealed that after annealing at 773 
K, most of the scaffold´s surface and intra-wall porosity 
(biotemplated voids and inter particle voids) is accessible. A 
maximum value was reached after annealing at 873 K, probably 
due to the departure of remnant organic residues. The surface 
area value is slightly smaller than the maximum geometrical 
area expected for non-sintered Ludox nanoparticles of 12 nm 
diameter, confirming the lack of significant sintering among 
them. However, once annealed at 973 K this latter effect is 
noticeable, since the surface area decay, while middle-range 
pores (150-250 nm) remain almost invariant (see figure 3, S5-
7). After annealing at 1073 K, massive collapse of porosity and 
surface confirms the effective sintering of scaffold`s walls, in 
agreement with FESEM inspection.  
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Concerning the effect of annealing from a chemical point of 
view, representative annealed ML10 samples and their 
correspondent controls were analyzed by means of PXRD. 
Within the explored temperature range, both ML10 samples as 
well as bare Ludox® control remain amorphous, exhibiting the 
characteristic broad peak centered at 22 degrees, exclusively 
(see figure 4). No signals belonging to crystalline phases 
coming from milk oxides/phosphates were observed, 
suggesting a high degree of interspersion of these minerals 
within the silica scaffold. Notwithstanding, no crystalline Ca(II) 
or Ca(II)-Na(I) silicates, inherent to related bioglass compounds 
were observed either.38 
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Fig. 3. Pore volume (upper panel) and surface area (lower 
panel) determined by Langmuir, (empty circles) or BET (filled 
circles) methods observed for sample ML10 annealed for 5 h at 
increasing temperatures. 
 
 
 
Fig. 4. PXRD patterns of bare milk (M), Ludox® (L) and milk-
Ludox® ML10 samples annealed for 5 h at 873-1073 K under 
air atmosphere. 
 
The evolution of the most significant textural parameters of 
each sample was described by means of the pore’s major and 
minor dimension and the wall thickness. Figure 5 compiles the 
evolution of the aforementioned parameters observed for the 
annealed samples, prepared with increasing contents of 
Ludox. In general terms, the green scaffold’s texture follows 
the expected trend, in which the solid´s content exerted a 
marked influence on both pore’s size and shape. The wall 
thickness remains one order of magnitude smaller than the pore 
size, achieving a cellular like aspect. Low rates allow the 
formation of bigger ice crystals, giving birth to oblong pores 
with the longer dimension almost doubling the shorter one; then 
both dimensions were taken into account.  
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Fig. 5. Minor pore section (empty circles), major pore section 
(filled circles) and wall average thickness (triangles) of ML 
scaffolds prepared with a freezing rate of 2 mm min-1 with 
increasing Ludox content (g/100 mL) in the starting sol. 
 
Once the monoliths are annealed, their macroscopic dimensions 
are almost preserved; the micrometric texture, depending on the 
preparation conditions, can be significantly tuned. 
The effect of freezing rate in the resulting structure was 
explored; samples ML10 and ML14 were prepared employing 
two-fold freezing speed of 4 mm min-1. Sample ML10 
remained almost invariant respect from the original preparation, 
while sample ML14 exhibited macropores reduced to almost a 
half of their original size (see figure S4). Then, scaffolds 
structure can be effectively tuned with this variable for certain 
compositions. In general, for a certain freezing conditions, both 
solute’s diffusion coefficient and its inherent solubility affects 
the spatial frequency in which the ice crystal, say the pores, 
occurs.34 Since the freezing rate can be easily tuned and 
modified for a given sample, this process is promising in the 
preparation on monolithic pieces with a porosity gradient,45 that 
in principle should tune and control the cellular response to 
these scaffolds.46, 47 Being established the influence on the 
structure of the typical preparative parameters, we focused our 
attention on a key chemical aspects related with the proposed 
method.  
 
Mineralization behavior 
In order to evaluate the potential bioactivity of the obtained 
bioglass scaffolds, representative annealed at 873 K samples 
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were submitted to a well-established in vitro bioactivity assay, 
based on the incubation of bioglasses in SBF at 37 °C for 
increasing immersion periods. After 4 h long exposure, FESEM 
inspection revealed the presence of scarce spheroidal particles 
of 50-150 nm, well dispersed along the scaffold´s surface. The 
extension of exposure to 1 d allowed the development of a 
much denser coating, well distributed along the surface. The 
deposit was mainly constituted by rosettes of 200-400 nm, 
typically observed after Ca5(PO4)3OH (hydroxyapatite, HA in 
the following) crystallization onto bioglasses.31 In contrast with 
sol-gel based counterparts, the present bioglasses develop less 
homogeneous coatings, presumably due to the inherent 
differences of this method. The former distributes both P(V) 
and Ca(II) in much higher amount and at a molecular level; the 
latter concentrates both elements in the zones were 
phospholipids and amorphous Ca(II)-phosphate/caseinate were 
confined during ISISA, respectively. However, the present 
method achieves a good level of biomineralization in very short 
periods (see table S1); after 7 d exposure the deposits remained 
similar, both in texture and composition, to those obtained after 
24 h, suggesting that most of the biominerals load of the parent 
scaffold reacts along the first day of exposure. The partially 
sintered Ludox building units as well as the templated 
mesopores remained stable with no signs of erosion, confirming 
the effective partial sintering of nanoparticles after thermal 
consolidation.  
Fig. 6. FESEM images of cross-sectioned (perpendicular to the 
direction of freezing) monolithic ML10 scaffold prepared with 
a freezing rate of 2 mm min-1, exposed to SBF for 4 h (upper 
row) and 24 h (lower row).  
 
The chemical nature of the deposited layer was estimated by 
means of SEM-EDS probe (see figure S8). After a 4h-long 
exposure, both Ca and P were present at a level of traces, as in 
the pristine scaffold, in excellent agreement with the original 
milk formulation. However, after 24 h exposure the content of 
both elements increased markedly while the Ca/P ratio was ca 
1.3±0.3, close to that of HA, as was anticipated by FESEM 
inspection. Sample ML10 annealed at 1273 K revealed no signs 
of biominearlization after similar treatment, indicating the 
massive redistribution of biominerals. The evolution of samples 
exposed to SBF was inspected by means of FTIR spectroscopy 
analyses. The FTIR spectra revealed main bands composed by 
the signals centered at 950, 1100, and 1200 cm-1, related to the 
Si-O-Si and P-O stretching of silica glass and a shoulder at 
about 900 cm-1 related to the Si-O-Ca vibrational modes (data 
not shown). The peak centered at 450 cm-1 accounts for the Si-
O-Si bending of silica glass.48 After mineralization with SBF, a 
couple of well-defined additional peaks centered at 598 and 566 
cm-1 became noticeable, corresponding to P-O bending 
vibrations of apatite-like phases (see HA reference).49, 50 
Sample ML05 developed biomineralization signals at a faster 
rate than ML10 one; this is expectable since the milk to silica 
ratio of the former doubles the latter.  
Fig. 7. FTIR spectra of ML05 (left) and ML10 (right) scaffolds 
exposed to simulated body fluid (310 K) for 0-7 days. 
Hydroxyapatite (HA), Ca5(PO4)3OH, reference is also included. 
 
For highly homogeneous bioglasses, it is accepted that 
exposure to SBF drives surface dissolution process. Then, both 
Ca(II) and P(V) concentration in solution continuously 
increases, rising the supersaturation respect to HA up to a 
critical value, in which nucleation and growth of that phase 
takes place onto the exposed surface.15 After that initial step, 
that usually takes a week for dense bioglasses,14, 51, 52 the 
solution composition remains almost invariant, even when the 
HA layer is still developing.15 However, being a mass transport 
affected process, the bioglass texture could influence 
biomineralization kinetics as was reported for high surface 
mesoporous bioglasses53, 54 or nanofiber shaped ones,28 in 
which the initial step can be reduced to several hours. Previous 
studies performed over analogous structures prepared by sol gel 
revealed that the transport properties are not controlling the 
biomineralization process. However, those samples were 
formulated with much higher overall Ca(II) and P(V) loadings 
than in the present case.55 Therefore, the extremely fast 
biomineralization response observed herein can be attributed to 
the inherently well distributed biominerals present in the parent 
scaffold´s surface.  
 
Conclusions 
The ISISA based texture tune of Ludox-milk suspensions 
opened the gate for the preparation of hierarchical bioglass 
scaffolds. The inherently complex texture was essentially 
preserved after a mild annealing while the chemical 
homogeneity was enough to ensure a fast in vitro 
biomineralization response, without disrupting the achieved 
hierarchical structure. This alternative approach, inspired in the 
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well-established sol-gel chemistry of bioglasses, illustrated a 
bioinspired route for the obtainment of more accessible and 
greener biomaterials. 
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Low cost hierarchical bioglass scaffolds were prepared by freeze drying cow milk loaded with SiO2 
nanoparticles. 
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